Objective: Lipocalin 2 (LCN2 or NGAL), a protein derived from neutrophils, macrophages, adipocytes, and other cells, has been proposed to be a link between obesity and insulin resistance (IR), but animal and cross-sectional human studies have revealed conflicting results. We studied the association of serum lipocalin 2 with anthropometric, metabolic, and cardiovascular risk markers in young healthy men cross-sectionally and, for the first time, prospectively after 2 years of follow-up, with and without adjustment for potential confounders including serum creatinine. Design: Two hundred and seventy-two participants were randomly selected from the Cyprus Metabolism Study (1056 men, 18 years), of whom 93 subjects participated in the follow-up study 2 years after baseline assessment. Associations were also explored between total and free leptin levels (to serve as positive controls) and anthropometric metabolic variables. Results: In the cross-sectional study, lipocalin 2 levels were marginally correlated in the unadjusted model with central fat distribution but not with body weight or total body fat mass. After adjusting for age, smoking, activity, body mass index, fat percentage, waist-to-hip ratio, and serum creatinine, no correlation was found with any cardiovascular risk factor. There was no correlation with the homeostasis model assessment of IR (HOMA-IR) at baseline. In the prospective analyses, baseline levels of lipocalin 2 were not predictive of any variables in unadjusted or adjusted models. As expected, total and free leptin were associated with anthropometric and metabolic variables both cross-sectionally and prospectively. Conclusions: We demonstrate that lipocalin 2 is not an independent predictor of metabolic and cardiovascular risk factors in young men cross-sectionally or prospectively.
Introduction
Lipocalin 2 (LCN2), or neutrophil gelatinase-associated lipocalin (NGAL), is a 25 kDa secretory glycoprotein originally identified in human neutrophils (1) . Lipocalin 2 belongs to the larger superfamily of proteins called lipocalins, which also includes retinol-binding protein 4. These small proteins are characterized by a hydrophobic ligand-binding pocket that allows them to function as transport proteins for hydrophobic molecules such as iron, retinoids, and steroids (2) . Lipocalin 2 is secreted by adipocytes and immune cells such as neutrophils and macrophages and was initially described as playing a role in innate immunity, perhaps by sequestrating iron (3) . In addition, proinflammatory molecules such as lipopolysaccharide and interleukin 1b stimulate its expression and secretion (4, 5) , and lipocalin 2 levels correlate with markers of inflammation such as high sensitivity C-reactive protein (6) . This suggests that lipocalin 2 plays a role in immune function and inflammation. As chronic inflammation is a risk factor for the development of metabolic abnormalities that accompany obesity, lipocalin 2 has emerged as a potential link between obesity, inflammation, cardiovascular disease, and obesity-associated metabolic dysfunction such as insulin resistance (IR) (7) . Previously published animal studies (7) (8) (9) and crosssectional human studies have revealed conflicting findings, with one reporting an association between lipocalin 2 and body mass index (BMI), waist circumference and fat percentage, as well as adverse lipid profiles and IR (6) , and others failing to find any correlation with BMI (10) or with insulin sensitivity (11) . These studies did not correct for renal function. However, renal function is known to affect lipocalin 2 levels, and lipocalin 2 has in fact been studied as a marker of acute kidney injury (12, 13) . Also, previous studies have only included middle-aged subjects, and to date, there have been no published prospective studies. Thus, the role of lipocalin 2 as a potential metabolic and cardiovascular risk factor remains to be fully elucidated. We studied the association of lipocalin 2 with anthropometric and metabolic markers in young healthy men, both cross-sectionally and prospectively, with and without adjustment for potential confounders including serum creatinine as a marker of renal function.
Subjects and methods
The full design of the Cyprus Metabolism Study has been published elsewhere (14) . We investigated 272 participants from this study. The participants were 18-year-old men, of whom we investigated 93 participants who attended the follow-up assessment 2 years after the initial enrollment and have baseline samples available. In addition, we randomly selected another 179 participants, who participated only in the crosssectional study, by randomly picking samples from the sample containers. Baseline and follow-up anthropometrics and metabolic parameters were measured as described previously (14) . In brief, anthropometric measurements and vital signs were obtained twice in a standardized manner by trained technicians, with a third measurement if there was discordance. Body composition was measured using the TanitaTBF-300A Body Composition Analyzer; basal metabolic rate was calculated by the analyzer using a Tanita proprietary formula. BMI was calculated as the weight (in kg) divided by the square of the height (in meters). Routine baseline and follow-up biochemical measurements were performed using automated laboratory methods (Olympus AU2700 Chemistry-Immuno Analyzer, Olympus, Center Valley, PA, USA). Baseline serum lipocalin 2 levels were measured in duplicate using ELISA (BioVendor, Candler, NC, USA), with a sensitivity of 0.02 ng/ml, an intra-assay coefficient of variation (CV) of 7.03-8.38%, and an inter-assay CV of 9.73-9.77%. Serum total and free leptin were measured as described previously (15) .
Dyslipidemia was defined as any one of the following: total cholesterol above 200 mg/dl, high-density lipoprotein (HDL) cholesterol below 40 mg/dl, low-density lipoprotein (LDL) cholesterol above 130 mg/dl, or triglycerides above 150 mg/dl. Homeostasis model assessment of IR (HOMA-IR) is defined as fasting glucose (mg/dl) multiplied by fasting insulin (mU/l), divided by 405 (16) . Activity level was assessed using questionnaires and includes both exercise and habitual activities such as walking or farm work.
All the variables were tested for normal distribution and logarithmically transformed if not normally distributed.
Means and S.E.M., or for categorical variables, number and percentage, were determined for the descriptive statistics. Pearson correlation and partial correlation coefficients were obtained between variables in the cross-sectional study. General linear models were used in the prospective study. In the adjusted models, we correct for BMI as a measure of weight/height correlation, body fat percentage as a measure of the amount of the body weight that is fat, and waist-to-hip ratio (WHR) as a marker of body fat distribution. P!0.017 was considered statistically significant based on Bonferroni correction for testing three hypotheses (leptin, free leptin, and lipocalin 2) at the same time using one set of data. SAS (version 9.1, SAS Institute, Cary, NC, USA) was used for the statistical analysis. This research was approved by Harvard School of Public Health and the Cyprus National Bioethics Committee.
Results

Study participants
Descriptive characteristics of the study population are presented in Table 1 . Of note, though the participants on average had normal anthropometrics and cardiovascular risk factors, a large proportion was overweight with a BMI O25 kg/m 2 (26.1%) and 32.0% had dyslipidemia (mainly elevated LDL or reduced HDLcholesterol). Table 1 also shows the baseline and follow-up characteristics of the 93 participants who took part in the prospective study. The follow-up group had lower BMI and WHR compared with the 272 subjects who were included in this study at baseline. Most of the anthropometric variables and cardiovascular risk factors significantly worsened over the 2-year period between visits.
Cross-sectional study
Findings from the cross-sectional study are summarized in Table 2 . Serum levels of total and free leptin were significantly strongly associated with anthropometric, cardiovascular, and metabolic variables (all P!0.01, most P!0.0001) except for height, serum urea, and creatinine levels in the unadjusted correlation analysis. However, serum lipocalin 2 levels were only marginally correlated with waist circumference (rZ0.15, PZ0.017), triglycerides (rZ0.18, PZ0.004), and uric acid (rZ0.15, PZ0.008), but not with weight, BMI, total body fat mass, WHR, HOMA-IR, or other anthropometric, cardiovascular, and metabolic variables in unadjusted analysis.
After controlling for age, BMI, total body fat percentage, WHR, smoking status, and activity, serum levels of total and free leptin were still strongly associated with fasting glucose (rZ0.22, PZ0.0003, and rZ0.21, PZ0.0007 respectively), insulin (rZ0.22, PZ0.0003, and rZ0.24, P!0.0001 respectively), and HOMA-IR (rZ0.25, P!0.0001, and rZ0.27, P!0.0001 respectively). Serum levels of lipocalin 2 became significantly † P for difference of follow-up group between baseline and 2-year follow-up, repeated measure analyses were applied for both continuous and categorical variables. P-values in bold were considered statistically significant after Bonferroni correction (P!0.017). BMI, body mass index; BMR, basal metabolic rate; DBP, diastolic blood pressure; HDL, high-density lipoprotein; HOMA-IR, homeostasis model of assessment-insulin resistance; LBP, leptinbinding protein; LDL, low-density lipoprotein; SBP, systolic blood pressure.
Table 2
Cross-sectional study: Pearson correlations between leptin, free leptin, and lipocalin 2 with baseline values of study variables. 
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After further controlling for serum creatinine levels, the correlation between serum total, free leptin, and the fasting glucose, insulin and HOMA-IR remained significant (rO0.20, P!0.001 for all variables). Conversely, the correlation between serum lipocalin 2 and HOMA-IR was no longer significant after controlling for creatinine.
Prospective study
The results for the prospective study are presented in Table 3 . Baseline levels of lipocalin 2 were not predictive at 2-year follow-up for any variables in the unadjusted model; the model adjusted for age, BMI, total body fat percentage, WHR, smoking status, and activity; or the model further adjusted for serum creatinine levels.
Baseline levels of both total and free leptin were significantly predictive of anthropometric variables (all P!0.0001), systolic blood pressure (PZ0.007 and PZ0.003 respectively), and uric acid (PZ0.001 and PZ0.002 respectively) in the unadjusted model. After adjusting for age, BMI, total body fat percentage, WHR, smoking status, and activity, and further adjusting for serum creatinine levels, baseline levels of leptin and free leptin were not predictive for any variables at 2-year follow-up.
Discussion
We demonstrate that lipocalin 2 is weakly associated with waist circumference as a marker of central fat distribution, but not with WHR or total body fat. The correlation with IR disappeared after adjusting for serum creatinine. We also show for the first time that, prospectively, lipocalin 2 is not an independent predictor of metabolic and cardiovascular risk factors in young men.
Mouse studies have suggested contradictory roles for lipocalin 2 in glucose metabolism. Whereas one study found that lipocalin 2 knockout mice had improved insulin sensitivity (8) , other studies found that either the global ablation of lipocalin 2 has a minor role in high-fat diet-induced glucose intolerance (17) or that lipocalin gene knockout mice were more susceptible to diet-induced obesity and IR (9) . Similarly, previous cross-sectional human studies show contradictory findings. In a study of 33-to 72-year-old men and women, a positive correlation between lipocalin 2 and adiposity, triglycerides, glucose, and HOMA-IR was found (6) . These correlations were significant even after adjusting for age, sex, and BMI. However, a study of 58-year-old healthy Swedish men found no correlation between lipocalin 2 and insulin sensitivity, waist circumference, or BMI, although it showed an inverse correlation with HDL-and LDL-cholesterol (11) . In comparison, we found that lipocalin 2 was associated more strongly with waist circumference, an imperfect marker of visceral adiposity, than with BMI, a marker of general adiposity. This raises the possibility that different body fat compartments secrete different amounts of lipocalin 2. However, to date, no study has investigated whether lipocalin 2 is differentially expressed in visceral fat versus subcutaneous fat. One study using visceral fat from obese subjects did confirm lipocalin 2 mRNA expression in this tissue, but subcutaneous fat tissue was not studied (10) . Interventional studies looking at the effect of weight loss, which is known to improve insulin sensitivity, have mostly found no change in lipocalin 2 levels with weight loss (18, 19) , although a recent study did find a reduction in women with polycystic ovary syndrome (PCOS) (20) . Despite the significant correlation between lipocalin 2 and HOMA-IR at baseline when adjusting for anthropometric measurements, this correlation disappears after also adjusting for serum creatinine. Renal function is known to affect lipocalin 2 levels (12, 13) . This suggests that the weak correlations between lipocalin 2 and IR seen in previous studies could be related to differences in renal function, in addition to differences in the studied populations in terms of sample size, age, gender, and ethnicity. Previous studies were relatively small and conducted in middle-aged individuals with pre-existing metabolic derangements. Also no previous study has previously corrected for renal function. We do report a weak negative correlation between lipocalin 2 and insulin in the cross-sectional analysis after adjustment, indicating a potential negative effect of lipocalin 2 on b-cell function. This remains to be studied by future basic research studies. In aggregate, these findings do not support a major etiologic role for lipocalin 2 in IR or obesity.
Our data are consistent with weak/null correlations with insulin sensitivity in previous cross-sectional studies and extend them by demonstrating for the first time null associations prospectively. Strengths of this study include that it is the largest cross-sectional study published to date and the first prospective study examining the associations between serum lipocalin 2 levels and future metabolic characteristics in men. The study also includes the simultaneous assessment of positive controls, leptin, and free leptin. These have been found earlier to correlate closely with cross-sectional and prospective assessments of cardiometabolic risk factors (21, 22) . The demonstration of expected associations with leptin and free leptin in our study confers internal validity. We also adjusted for known potential confounders. Measurements were performed on de-identified samples by technicians who were blinded to the study hypotheses. Random assay variability could result in misclassification; this would have suppressed effect estimates and therefore would not be responsible for demonstration of significance where such does not exist.
The limitations of our study include a young, healthy population, and a relatively short follow-up time with a relatively small follow-up group. Renal function was assessed using serum levels of creatinine instead of a direct measurement of glomerular filtration rate or 24-h urinary excretion of creatinine. Although the data are representative of the male population of Cyprus, these data may not be generalizable to other populations.
Larger prospective studies are needed to confirm our data in women and/or older subjects. Moreover, this is an observational study, and interventional, mechanistic studies are needed to confirm or refute our findings that lipocalin 2 may not play a major role in the metabolic syndrome, diabetes, and cardiovascular disease.
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